Introduction
At midlatitudes, tropopause folds are believed to be the major source of stratosphere-to-troposphere transfer of air. These V-shaped layers with high ozone and potential vorticity content angle down from the stratosphere for several kilometers and, at times, reach the planetary boundary layer. However, the fold itself is a reversible process, so for permanent stratospheretroposphere exchange to take place the air in the fold must mix irreversibly with the outside environment. This necessary mixing has been attributed to KelvinHelmholtz-induced turbulence [Shapiro, 1980] , boundary layer turbulence [Johnson and Viezee, 1981] , stratospheric streamer fragmentation and roll up [Appenzeller et al., 1996] , and localized wet convection [Langford and Reid, 1998 ]. However, few direct observations of the exchange process exist, and it is far from clear which, if any, of these proposed mixing mechanisms is dominant.
In this paper we present observations made through two tropopause folds with in situ and remote sensing instruments aboard a DC-8 during the NASA Sub-The data stream was sampled at 65 Hz, then subsequently reduced to 5 and 1 Hz for postmission analysis.
Pressure p and temperature T were also obtained from these probes, and then potential temperature 0 was calculated from those values. The turbulent energy dissipation rate e was estimated from a frequency band of 0.8 to 1.5 Hz. For data accuracy, resolution, and the method for estimating e, see (fhap., et al. [1998] .
The DIAL system was used to remotely measure ozone and aerosols in the zenith and nadir directions.
Two frequency-doubled Nd:YAG lasers were used to pump two frequency-doubled, tunable dye lasers. One of the dye lasers was operated at 292 nm for the DIAL on-line wavelength of ozone, and the other one was operated at 300 nm for the off-line wavelength. The output beams were transmitted out of the aircraft coaxially with the receiver telescopes. The backscattered laser energy was collected by two back-to-back 36-cmdiameter telescopes. The analog signals from the detectors were digitized at 5 MHz to a 12-bit accuracy, and the averaged digitized signals were stored every 2 s. The data sampling resolutions used in our study are Ozone was measured in situ with the NO + 03 chemiluminescence principle [Clough and Thrush, 1967] . On the basis of the sample exchange rate at sea level the response time of the probe was estimated to be ,-•1 s with faster response at higher altitudes. Samples were taken at 6 Hz then averaged to I Hz. The data were further corrected for water vapor quenching effects using the hygrometer measurements. The accuracy is estimated to be 5%, or 2 ppbv, and the precision is estimated to be 2%, or 0.8 ppbv.
The DACOM measured CO, N20, and CH4 in situ with a folded path, tunable diode laser spectrometer using a differential absorption technique Collins et al., 1996] . Again, the response time was estimated to be ~1 s based on the sample exchange rate. There were quasiperiodic gaps in the data of order 30 s every ~10 min because of the real-time calibration procedure, which was necessary to account for slow drifts in instrument sensitivity.
The laser hygrometer consisted of a compact laser transceiver mounted to an aircraft window plus a sheet of retroreflecting "road sign" material affixed to an outboard engine enclosure to complete the optical loop. Using differential absorption techniques, H20 was sensed along this external path to an estimated precision of 2% in mixing ratio with a response time of 50 ms. Some of the subsequent flights during SONEX also sampled stratospheric intrusions, but we will focus our analysis on these two events because only in these cases did the aircraft ascend (or descend) through a tropopause fold giving us vertical profiles of data necessary for estimating high-resolution gradient and flux quantities. There was also a hint of a wavelike structure in the ozone trace on the the more diffuse bottomside. Fortunately, the aircraft was ascending through this region, so we will be able to estimate the vertical gradient quantities needed for instability analyses as we did for case 1. 
Summary Discussion
Even though the two cases of tropopause folding studied here occurred at different times and places and were sampled at different altitudes, there were some striking similarities. Both folds had sharply defined topsides with two foldlike substructures shortly following that threshold for wave breaking [Thorpe, 1978] and causes more gravity waves with phase velocities in the same direction as the background flow to reach critical levels and convective instability [ Thorpe, 1981; Fritts, 1982] .
In any case, we need to add convectively breaking gravity waves to the list of mechanisms leading to the irreversible mixing of tropopause folds with their environ- The site of maximum ozone flux out of a tropopause fold was on the topside of case 1, with a peak value of •1.5 ppbv m s -x in good agreement with previous aircraft observations by Shapiro [1980] . In this particular case the instability was generated by a combination of background shear and wave-induced weakening of static stability.
